Background: STAT3 promotes UVB-induced keratinocyte cell proliferation. Results: TC-PTP inhibits STAT3-mediated mouse keratinocyte skin cell proliferation and survival following UVB irradiation. Conclusion: TC-PTP plays an important role in the skin cell response to UVB radiation by regulating cell proliferation and survival.
Chronic exposure to UV radiation can contribute to the development of skin cancer by promoting protein-tyrosine kinase (PTK) signaling. Studies show that exposure to UV radiation increases the ligand-independent activation of PTKs and induces protein-tyrosine phosphatase (PTP) inactivation. In the present work, we report that T-cell PTP (TC-PTP) activity is stimulated during the initial response to UVB irradiation, which leads to suppression of keratinocyte cell survival and proliferation via the down-regulation of STAT3 signaling. Our results show that TC-PTP-deficient keratinocyte cell lines expressed a significantly increased level of phosphorylated STAT3 after exposure to low dose UVB. This increase corresponded with increased cell proliferation in TC-PTP-deficient keratinocytes following UVB irradiation. Loss of TC-PTP also reduced UVBinduced apoptosis. Corroborating with these results, overexpression of TC-PTP in keratinocyte cell lines yielded a decrease in phosphorylated STAT3 levels, which corresponded with a significant decrease in cell proliferation in response to low dose UVB. We demonstrate that TC-PTP activity was increased upon UVB exposure, and overexpression of TC-PTP in keratinocyte cell lines further increased its activity in the presence of UVB. Treatment of TC-PTP-deficient keratinocytes with the STAT3 inhibitor STA21 significantly reduced cell viability following UVB exposure in comparison with untreated TC-PTP-deficient keratinocytes, confirming that the effect of TC-PTP on cell viability is mediated by STAT3 dephosphorylation. Combined, our results indicate that UVB-mediated activation of TC-PTP plays an important role in the STAT3-dependent regulation of keratinocyte cell proliferation and survival. Furthermore, these results suggest that TC-PTP may be a novel potential target for the prevention of UVB-induced skin cancer.
Phosphotyrosine-based signaling is one essential mechanism in cellular homeostasis. The phosphorylation of proteins at specific tyrosine residues is catalyzed by protein tyrosine kinases (PTKs) 2 (1) (2) (3) . PTKs regulate various cellular processes, including growth, differentiation, metabolism, and motility. Genetic mutations of PTKs and/or aberrant activation of their signaling pathways can lead to an array of human diseases, including cancer (4, 5) . PTKs are regulated by endogenous negative feedback mechanisms involving protein-tyrosine phosphatases (PTPs), which negatively regulate the rate and duration of phosphotyrosine signaling (4, 6 -8) . One substrate of PTKs and PTPs is STAT3 (signal transducer and activator of transcription 3), a member of a family of cytoplasmic proteins that functions as a transcription factor in normal cellular responses to cytokines and growth factors (9 -12) . STAT3 modulates various physiological functions, including apoptosis, cell cycle regulation, and tumor angiogenesis, through regulation of gene expression, and its constitutive activation is associated with a number of human epithelial cancers (11, 13) . Studies have shown that constitutive activation of STAT3 is found in a variety of human tumors and cancer cell lines, including human epithelial cancers, and its inhibition can suppress the growth of cancer cells, suggesting that STAT3 plays a critical role in cancer cell proliferation (9, 10, 14, 15) . More importantly, recent studies have shown that activation of STAT3 might be a predominant factor in the development of skin tumors induced by UVB or chemical carcinogen (16 -23) .
T-cell protein tyrosine phosphatase (TC-PTP; encoded by PTPN2) was one of the first members of the PTP gene family to be identified. TC-PTP is one of 17 intracellular, non-receptor PTPs that is ubiquitously expressed in embryonic and adult tissues, although it is highly expressed in hematopoietic tissues (24, 25) . There are two forms of TC-PTP that are generated by * This work was supported, in whole or in part, by National Institutes of alternative splicing at the 3Ј end of the gene: TC45 (TC-PTPa) and TC48 (TC-PTPb). TC45 (45 kDa) is the major form of TC-PTP in most species, including humans and mice. TC45 contains a bipartite nuclear localization signal and is found primarily in the nucleus, whereas TC48 (48 kDa) contains a hydrophobic C terminus and is localized to the endoplasmic reticulum. In mouse tissue, almost all TC-PTP mRNA encodes TC45; TC48 mRNA is not detectable by Northern blot analysis (26 -28) . Substrates targeted by TC-PTP include JAK1, JAK3, STAT1, STAT3, and STAT5, suggesting that it negatively regulates the JAK/STAT signaling pathway (29, 30) . Recent studies showed that STAT3 is dephosphorylated in keratinocytes in response to UVB irradiation, and treatment with sodium vanadate (a pan-PTP inhibitor) recovered the level of phosphorylated STAT3 (22) . Furthermore, studies demonstrated that TC-PTP, SHP1, and SHP2 cooperatively dephosphorylate STAT3 following UVB irradiation in skin (31) .
Based on previous work (22, 31) , we suggest that exposure to UVB radiation triggers PTP activation in skin, which attenuates STAT3 signaling by dephosphorylating STAT3. PTP activation plays an important role in the initial skin cell response to UVB that protects cells from the increase in phosphorylated STAT3 that could lead to hyperproliferation and cancer. Skin cells are more susceptible to UVB-induced cellular proliferation and survival without the activation of PTP. In the present study, we examined the impact of activation of PTP, especially TC-PTP, in the regulation of UVB-induced cell proliferation and survival using mouse keratinocyte cell lines.
MATERIALS AND METHODS
Cell Culture and UVB Irradiation-3PC, an immortalized mouse keratinocyte cell line (32) , was cultured in keratinocyte growth medium containing 1% fetal bovine serum to 80 -85% confluence, at which time cells were washed with DPBS. A small volume of DPBS was added to coat the attached cells with a thin layer of DPBS, and then keratinocyte cell lines were irradiated with UVB. Immediately after irradiation, DPBS was removed, and prewarmed medium was added to cells for additional culture before harvest.
RNA Interference (RNAi)-3PC cells were grown overnight to ϳ40% confluence and transiently transfected with ON-TAR-GETplus TM mouse TC-PTP (PTPN2), SHP1 (PTPN6), or SHP2 (PTPN11) short interfering RNA (siRNA) and ON-TARGETplus TM siCONTROL non-targeting pool siRNA as control (Thermo Scientific Dharmacon, Lafayette, CO). Transfection was performed with Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions.
Establishment of TC-PTP-deficient Stable Cell Lines-TC-PTP-deficient 3PC cell lines were established by lentiviral transduction with MISSION shRNA constructs specific for mouse TC-PTP (PTPN2) (Sigma-Aldrich). In brief, 293T packaging cells were co-transfected with lentiviral shRNA constructs and lentiviral helper vectors (gag/pol packaging vector and VSV-G envelope vector). After a 48 h incubation, the viral supernatant fraction was collected and filter-sterilized. 3PC cells were infected with lentiviral particles for 24 h and selected with puromycin over a 3-day period.
Generation of TC-PTP-expressing Adenoviral Vector and Transient Expression-Mouse keratinocyte cell lines overexpressing TC-PTP (referred to as Ad/TC-PTP) were established using the AdEasy TM adenoviral vector system (Agilent Technologies, Santa Clara, CA). Briefly, wild-type mouse TC-PTP (45 kDa) cDNA from pcDNA4/myc-His-TC45-WT (31) was amplified by PCR and cloned into the pCMV6/AN/HA vector (Origene, Rockville, MD). TC-PTP cDNA containing an N-terminal HA tag (HA.TC-PTP) was amplified by PCR and cloned into the pShuttle-CMV vector (Addgene, Cambridge, MA). Then the linearized recombinant plasmid was co-transformed with the pAdEasy-1 vector into Escherichia coli BJ5183 cells to generate the final adenovirus plasmid containing the HA.TC-PTP insert. Next, AD-293 packaging cells were transfected with the recombinant TC-PTP adenoviral vector or control vector. Finally, 3PC cells were transduced with the adenoviral particles for 24 h, followed by selection with puromycin.
Establishment of TC-PTP-overexpressing Stable Cell Lines-Stable mouse 3PC keratinocyte cell lines overexpressing TC-PTP (referred to as pEF/mTC45) were established by lentiviral transduction with a modified lentiviral system based on Gateway cloning technology (Invitrogen) (33) . Wild-type mouse TC-PTP (45 kDa) cDNA from pcDNA4/myc-His-TC45-WT (31) was amplified by PCR and cloned into the lentivirus entry vector pEF-1␣/pENTR B (Addgene). Gateway LR Clonase enzyme mix (Invitrogen) was used to catalyze an LR recombination reaction between the pEF-1␣/pENTR B/TC-PTP and pLenti X1 Puro DEST (Addgene) destination vector to generate the final lentiviral expression clone for TC-PTP. Finally, 3PC cells were infected with lentiviral particles from the TC-PTP lentiviral expression clone as described above.
Western Blot Analysis-Cells were resuspended with lysis buffer containing 40 mM Tris, pH 7.4, 120 mM NaCl, 10 mM EDTA, 0.1% (v/v) Nonidet P-40, protease inhibitor mixture, and phosphatase inhibitor mixtures 1 and 2 (Sigma-Aldrich). Equal amounts of total protein were resolved using SDS-PAGE and transferred to PVDF membrane (GE Healthcare). The membrane was incubated overnight at 4°C with primary antibody, followed by incubation with a horseradish peroxidaseconjugated secondary antibody. Chemiluminescent detection reagents (GE Healthcare) were used to detect immunoreactive protein. The following antibodies were used: anti-phospho-STAT3 (Tyr-705), anti-STAT3, anti-SHP1, anti-SHP2; anti-cyclin D1; anti-PARP; anti-cleaved caspase-3 (Cell Signaling Technology, Inc., Beverly, MA), anti-TC-PTP (R&D Systems Inc., Minneapolis, MN), and anti-␤-actin (Sigma-Aldrich). For densitometric analysis, ImageJ software (version 1.49e, National Institutes of Health) was used to measure the integrated optical density (IOD). Relative protein expression was calculated as IOD experimental /IOD control .
Caspase-3 Activity Assay-Caspase-3 activity was measured by the caspase-3/CPP32 colorimetric assay kit according to the manufacturer's instructions (Biovision Inc., Milpitas, CA). Briefly, after UVB irradiation, 3PC cells were resuspended with lysis buffer and incubated on ice at 4°C for 10 min, followed by centrifugation at 12,000 ϫ g for 10 min. The clarified cell lysate protein was mixed with DEVD-p-nitroanilide caspase-3-specific substrate in a 96-well plate and then incubated at 37°C for 2 h. Absorbance at 405 nm was measured on the SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA).
STAT3 Activation Assay-STAT3 activation was measured using the colorimetric TransAM STAT3 transcription factor assay kit according to the manufacturer's instructions (Active Motif, Carlsbad, CA). Briefly, 3PC cell nuclear protein extract was incubated for 1 h in a 96-well plate coated with an oligonucleotide containing the STAT consensus binding site. STAT3 was detected by incubation with anti-STAT3 primary antibody followed by incubation with a horseradish peroxidase-conjugated secondary antibody. Absorbance at 450 nm was measured, and data were normalized to untreated control. Nuclear protein fractions were prepared from 3PC keratinocyte cell lines using NE-PER nuclear and cytoplasmic extraction reagents according to the manufacturer's instructions (Pierce).
TC-PTP Activity Assay-TC-PTP activity was measured using the Duoset IC Human/Mouse/Rat Active TC-PTP activity assay kit (R&D Systems) according to the manufacturer's instructions. Briefly, protein extract was incubated in a 96-well plate coated with a capture antibody specific for TC-PTP at 4°C for 3 h. After washing twice, tyrosine phosphatase substrates (200 M) were added for the dephosphorylation reaction catalyzed by TC-PTP. The level of free phosphate was determined by a sensitive dye-binding assay using malachite green and molybdic acid, followed by measurement of the absorbance at 620 nm.
Cell Proliferation Assay-3PC keratinocyte cell proliferation was assessed using a 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-1) (Dojindo Laboratories, Kumamoto, Japan) assay. Briefly, 3PC cells were plated at a density of 5 ϫ 10 3 cells/well in 96-well cell culture plates and incubated overnight. Then cells were irradiated with UVB as described above and recultured for 24 -72 h. After cultivation, a 1:100 dilution of WST-1 solution was added to each well and incubated for 2 h. Absorbance at 450 -690 nm was measured.
Lactate dehydrogenase Cytotoxicity Assay-Cytotoxicity of STA-21, a STAT3-specific inhibitor, on 3PC cells was assessed using the Pierce lactate dehydrogenase cytotoxicity assay kit (Thermo Scientific). Briefly, 3PC cells were plated at a density of 5 ϫ 10 3 cells/well in a 96-well cell culture plate, and then the cells were treated with 0 -50 M STA-21 for 18 h. Lactate dehy-drogenase activity in the medium was quantified by measuring the absorbance at 490 and 680 nm.
RESULTS

TC-PTP Has a Major Effect on STAT3 Regulation in Skin
Keratinocytes-In our previous work, we demonstrated that PTPs are required to regulate STAT3 activation in mouse 3PC keratinocyte cells. Specifically, three PTPs (TC-PTP and the Src homology 2 domain-containing PTPs, SHP1 and SHP2) were shown to cooperate in the dephosphorylation of STAT3 that occurs following exposure to UVB radiation (31); therefore, we further investigated the role(s) of TC-PTP, SHP1, and SHP2 in the regulation of STAT3 signaling in 3PC cell lines. As shown in Fig. 1A (see also supplemental Fig. 1 and 2) , the level of phosphorylated STAT3 in keratinocyte cells transiently transfected with TC-PTP (PTPN2), SHP1 (PTPN6), or SHP2 (PTPN11) siRNA was increased compared with cells transiently transfected with scrambled siRNA. Interestingly, the level of phosphorylated STAT3 in TC-PTP knockdown was higher relative to SHP1 knockdown or SHP2 knockdown ( Fig. 1A) , which implies that TC-PTP has a greater effect on STAT3 dephosphorylation than the other two PTPs. Knockdown of TC-PTP by transient siRNA transfection steadily decreased TC-PTP expression 1-5 days after transfection, and then expression levels recovered due to loss of siRNAs by regular cell division. The level of phosphorylated STAT3 expression increased with the decrease in TC-PTP expression and then decreased with the recovery of TC-PTP expression at a later time. Similarly, the level of the cell cycle regulator cyclin D1, a downstream target of STAT3, also increased and then decreased in correspondence with TC-PTP levels ( Fig. 1B ), suggesting that TC-PTP can play a critical role in the regulation of STAT3 signaling in keratinocyte. To further investigate whether TC-PTP has a major effect on STAT3 dephosphorylation in response to UVB irradiation, 3PC cells were transiently transfected with PTP-specific siRNA or scrambled control siRNA and then treated with UVB (80 mJ/cm 2 ) ( Fig. 1C and supplemental Fig. 3 ). Following UVB irradiation, STAT3 was rapidly dephosphorylated; however, knockdown of TC-PTP significantly inhibited this event. Knockdown of SHP1 or SHP2 had little to no effect ( Fig. 1C and supplemental Fig. 4 ). These results demonstrate for the first time that of three PTPs that were FIGURE 1. TC-PTP is a major PTP in UVB-induced STAT3 dephosphorylation in keratinocytes among three PTPs. A, 3PC keratinocytes were cultured and transfected with siRNA specific for TC-PTP, SHP1, or SHP2. Cells were collected after 48 h of siRNA transfection. Total cell lysates were resolved by SDS-PAGE and immunoblotted with antibody specific for phosphorylated STAT3 (PY-STAT3). B, 3PC keratinocytes were cultured and transfected with siRNA specific for TC-PTP. Cells were collected at the indicated time. C, 3PC keratinocytes were cultured and transfected with siRNA specific for TC-PTP, SHP1, or SHP2. Cells were irradiated with UVB at a dose of 80 mJ/cm 2 and then collected 1 h after irradiation.
identified to participate in STAT3 dephosphorylation in mouse keratinocytes, TC-PTP has a major impact on the regulation of STAT3 signaling in the presence or absence of UVB radiation.
Loss of TC-PTP in Keratinocytes Inhibits the Dephosphorylation of STAT3 That Occurs in Response to Low Dose UVB
Irradiation-High dose UVB irradiation triggered the rapid dephosphorylation of STAT3 by PTPs, especially TC-PTP, in mouse keratinocyte cell lines (see Fig. 1C ) (31) . In mouse epidermis, the level of phosphorylated STAT3 initially decreased upon exposure to UVB, and then it increased significantly at later time points (31), so we utilized low dose UVB irradiation to investigate the long term effect of TC-PTP on the STAT3 response to UVB irradiation. After exposure to low dose UVB light, the level of STAT3 phosphorylation in 3PC cells also quickly decreased, and then it was restored 6 h after UVB irradiation ( Fig. 2A) , which is similar to previous in vivo results in mouse epidermis (31) . However, transient knockdown of TC-PTP with siRNA allowed for a more rapid recovery of STAT3 phosphorylation 6 -24 h after UVB exposure compared with control cells. In particular, expression of phosphorylated STAT3 is higher in TC-PTP-deficient cells 24 h after UVB irradiation, at which time expression increased almost 8-fold in comparison with untreated control cells (Fig. 2B ). The results suggest that TC-PTP plays a critical role in the regulation of the STAT3 response to UVB irradiation.
TC-PTP Deficiency Induces Keratinocyte Proliferation following Low Dose UVB Exposure-Studies have shown that STAT3 contributes to UVB-induced skin tumorigenesis through its role in keratinocyte cell survival and proliferation (19) . Given that TC-PTP has the ability to negatively regulate STAT3 through dephosphorylation following low dose UVB, we studied the impact of TC-PTP on mouse keratinocyte proliferation and survival in the presence or absence of low dose UVB radiation. In the absence of UVB, transient knockdown of TC-PTP in 3PC cells using siRNA resulted in a significant increase in cell proliferation compared with cells transiently transfected with scrambled control siRNA after 48 h of culturing (Fig. 3A) . In the presence of low dose UVB radiation, we observed an initial decrease in cell number in both control and TC-PTP-deficient cells due to UVB damage (Fig. 3, B-D) . Upon exposure to 5 or 10 mJ/cm 2 of UVB, initial UVB-induced damage was severe, so keratinocyte cell growth did not recover until 48 h after exposure ( Fig. 3, C and D) , yet knockdown of TC-PTP considerably increased cell proliferation following UVB irradiation ( Fig. 3 , B-D). After irradiation with 2 mJ/cm 2 of UVB, the number of TC-PTP-deficient cells was significantly higher than control cells 48 and 72 h after exposure (Fig. 3B ). The number of TC-PTP-deficient cells was significantly higher than control cells 24, 48, and 72 h after a dose of 5 mJ/cm 2 UVB (Fig. 3C ). Cell proliferation significantly increased in TC-PTP-deficient cells compared with control cells 72 h after irradiation with 10 mJ/cm 2 of UVB ( Fig. 3D ).
We showed that knockdown of TC-PTP in mouse keratinocytes had a greater inhibitory effect on STAT3 dephosphorylation following UVB irradiation than knockdown of either SHP1 or SHP2 (Fig. 1C) . To determine whether the same effect applied to cell proliferation following UVB exposure, 3PC cells were transiently transfected with PTP-specific siRNA or scrambled siRNA and then treated with low dose UVB (Fig. 3E ). Although knockdown of TC-PTP showed a significant increase in cell proliferation following UVB, knockdown of either SHP1 or SHP2 had no effect on keratinocyte cell proliferation compared with control cells (Fig. 3E ), which provides further evidence that TC-PTP is the major PTP involved in the regulation of STAT3 signaling in response to UVB radiation.
Use of stable 3PC keratinocyte cell lines that are deficient in TC-PTP also demonstrated that loss of TC-PTP significantly increases cell proliferation in the presence or absence of UVB radiation (Fig. 4 ). We were able to generate two keratinocyte cell lines by lentiviral transduction of shRNA (hereafter referred to as TC-PTP shRNA 1 and TC-PTP shRNA 2); TC-PTP shRNA 1 cells showed a partial silencing of TC-PTP expression, and TC-PTP shRNA 2 cells showed a complete loss of TC-PTP expression (Fig. 4A ). The level of phosphorylated STAT3 was increased in TC-PTP shRNA 1 cells and TC-PTP shRNA 2 cells in comparison with control. Furthermore, the level of phosphorylated STAT3 was higher in TC-PTP shRNA 2 cells than TC-PTP shRNA 1 cells (Fig. 4, A and B) . The levels of cyclin D1 and c-Myc were increased in correlation with decreased TC-PTP and increased STAT3 in TC-PTP shRNA 1 and 2 cells (Fig. 4A ). Consistent with this observation, cell proliferation was significantly increased in both TC-PTP-deficient cell lines compared with control cells after 48 h of culturing, and cell proliferation was higher in TC-PTP shRNA 2 cells than in TC-PTP shRNA 1 cells (Fig. 4C) . Upon exposure to low dose UVB, cell proliferation increased in both TC-PTP-deficient cell lines 24 -72 h after irradiation, and again, cell proliferation was higher in TC-PTP shRNA 2 cells in comparison with TC-PTP shRNA 1 cells (Fig. 4D ). In particular, the complete loss of TC-PTP in TC-PTP shRNA 2 cells significantly minimized the reduction in cell number due to UVB-induced DNA damage at 24 h. Together, the results indicate that TC-PTP is required to negatively regulate keratinocyte cell proliferation.
TC-PTP Overexpression Inhibits Keratinocyte Cell Proliferation following Low Dose UVB Exposure-To further investigate the potential role of TC-PTP in mouse keratinocyte cell proliferation, TC-PTP was overexpressed in 3PC cells by either transient or stable expression ( Fig. 5 ). Transient overexpression of TC-PTP in 3PC cells using adenovirus significantly reduced the level of phosphorylated STAT3 compared with control cells (Fig. 5A ). Keratinocyte cells overexpressing TC-PTP showed a significant decrease in cell proliferation relative to control cells after 24 and 48 h of culturing (Fig. 5B ). After irradiation with 10 mJ/cm 2 UVB, UVB-induced apoptosis reduced the number of cells in both control and transient TC-PTP-overexpressing 3PC cells 72 h after UVB exposure; however, cells overexpressing TC-PTP were more sensitive to UVB-induced apoptosis, so cell proliferation was significantly decreased compared with control ( Fig. 5C ). A stable 3PC keratinocyte cell line that overexpresses TC-PTP also was generated by lentiviral transduction. Like transient TC-PTP overexpression, the level of phosphorylated STAT3 was significantly lower in stable TC-PTP-overexpressing 3PC cells than in control cells (Fig. 5D ). Consistent with this observation, stable TC-PTP overexpression in keratinoxcytes significantly decreased cell proliferation after 24 and 48 h of culturing (Fig. 5E ). Following exposure to 2 mJ/cm 2 of UVB, the number of TC-PTP-overexpressing cells was significantly lower than control cells 48 and 72 h after UVB (Fig.  5F) . The results confirm that overexpression of TC-PTP inhibits mouse keratinocyte cell proliferation and further demon- strate that TC-PTP is critical to the regulation of keratinocyte cell proliferation and survival.
Knockdown of TC-PTP in Keratinocytes Suppresses UVB-induced Apoptosis-Skin exposure to UVB radiation yields cellular DNA damage, which can trigger cell death unless it is either repaired or tolerated. We showed that constitutive STAT3 activation prevents UVB-induced apoptosis, whereas STAT3 deficiency sensitizes mouse keratinocyte cells to UVB-induced apoptosis (19, 22) . To examine the role of TC-PTP in UVBinduced cell apoptosis, 3PC cells transiently transfected with either scrambled or TC-PTP siRNA were treated with UVB and analyzed by Western blot with two apoptotic markers, PARP and caspase-3. Levels of cleaved PARP and cleaved caspase-3 were increased in both control and TC-PTP-deficient cells 12-48 h after UVB treatment, most likely as the result of DNA damage (Fig. 6A) . However, the levels of cleaved PARP and cleaved caspase-3 were significantly lower in TC-PTP-deficient cells 12 and 24 h after UVB irradiation compared with control cells (Fig. 6, A-C) . In agreement with these results, caspase-3 activity was also significantly decreased in TC-PTP-deficient cells after UVB irradiation when compared with control (Fig.  6D) . These results suggest that TC-PTP is required to promote apoptosis induced by low dose UVB.
UVB Exposure Activates TC-PTP in Skin Keratinocytes-Previous studies suggested that UVB radiation inactivates PTPs by oxidizing the cysteine residue within the conserved active site of the PTP catalytic domain (34 -36) . Our studies suggest for the first time that TC-PTP is activated by UVB exposure, so it can contribute to the dephosphorylation of STAT3 in mouse 3PC keratinocyte cells. To determine whether or not TC-PTP is activated by UVB radiation, 3PC cells were treated with UVB, and TC-PTP activity was quantified by colorimetric assay. TC-PTP activity steadily increased until activation peaked at 3 h after treatment with 10 mJ/cm 2 UVB. TC-PTP activity then decreased slightly, yet TC-PTP activity was still significantly higher in UVB-treated cells when compared with untreated control cells at 0 h (Fig. 7A ). Higher doses of UVB light also triggered a significant increase in TC-PTP activity (Fig. 7B) , which is reasonable, given that TC-PTP contributes to the rapid dephosphorylation of STAT3 induced by high dose (100 mJ/cm 2 ) UVB exposure (31) .
To verify that TC-PTP is activated by UVB exposure, we examined TC-PTP activity in a stable 3PC cell line overexpressing TC-PTP. Overexpression of TC-PTP in 3PC keratinocytes enhanced the increase in TC-PTP activity following UVB irradiation relative to control keratinocytes (Fig. 7C) . Together, the results imply that, in response to UVB exposure, TC-PTP is activated in mouse keratinocytes, allowing TC-PTP to inhibit cell proliferation and promote UVB-induced apoptosis. 
Recovery of TC-PTP-deficient Cell Proliferation after UVB
Exposure Is Dependent on STAT3-To demonstrate that the increase in cell proliferation of TC-PTP-deficient mouse keratinocyte cells in response to UVB irradiation is dependent on STAT3 signaling, we directly quantified STAT3 transcriptional activity by colorimetric assay in 3PC cells transiently transfected with TC-PTP siRNA or scrambled control siRNA (Fig.  8A ). STAT3 transcriptional activity was higher in TC-PTP-deficient cells compared with control cells in the absence of UVB. After irradiation with low dose UVB, STAT3 activity was significantly increased in TC-PTP-deficient keratinocytes compared with control keratinocytes (Fig. 8A) , which is in agreement with our Western blot data. We also utilized STA-21, a STAT3-specific inhibitor, to determine the impact of STAT3 on TC-PTP-deficient cell proliferation (37) . STA-21 blocks STAT3 dimerization and DNA binding (37), and it did not show cytotoxicity in 3PC cells even at a concentration as high as 50 M (Fig. 8B) . Cell proliferation was significantly increased in TC-PTP-deficient cells compared with control cells following UVB irradiation. However, pretreatment of TC-PTP-deficient and control cells with STA-21 before UVB exposure almost completely suppressed cell proliferation in both control and TC-PTP-deficient cells after UVB treatment (Fig. 8C) . The results demonstrate that TC-PTP-mediated regulation of keratinocyte cell proliferation in response to UVB is dependent on STAT3 signaling.
DISCUSSION
Nonmelanoma skin cancer is the most common form of cancer in the United States, and data show that the incidence of skin cancer is increasing at a substantial rate. Among several risk factors for skin cancer, excessive exposure to UV radiation from the sun is the major cause (38) . In the current study, we show that TC-PTP is involved in the mouse keratinocyte cell STAT3) . B and C, cell viability was evaluated in the absence or presence of UVB irradiation using the WST-1 assay. B, cell viability was measured 24 and 48 h after adenoviral infection without UVB irradiation. C, cells were irradiated with UVB (10 mJ/cm 2 ) after infection. Cell viability was measured 24, 48, and 72 h after UVB irradiation. Results are the mean Ϯ S.D. (error bars) from three independent experiments. *, p Ͻ 0.05 by Student's t test for equality of means. D-F, stable overexpression of TC-PTP in keratinocytes. D, generation of stably TC-PTP-overexpressing 3PC cell lines with pEF/mTC45 lentiviral vector. Empty pEF lentiviral vector was used as control. E and F, cell viability was measured using the WST-1 assay. E, cells were collected at 24 and 48 h without UVB irradiation. F, cells were irradiated with UVB at a dose of 2 mJ/cm 2 and then collected 24, 48, and 72 h after irradiation. response to an assault by UVB radiation. TC-PTP can function as a tumor suppressor by attenuating STAT3 signaling to inhibit cell proliferation and by promoting apoptosis for the elimination of UVB-damaged cells. Loss of TC-PTP in keratinocytes increased the level of phosphorylated STAT3 and significantly increased cell proliferation in response to low dose UVB. Overexpression of TC-PTP in keratinocytes significantly decreased cell proliferation in response to low dose UVB, which correlated with a decreased level of phosphorylated STAT3. We show for the first time that TC-PTP activity is stimulated following UVB exposure, and we demonstrate that inhibition of STAT3 by its specific inhibitor completely reverses the enhanced cell proliferation observed in TC-PTP-deficient keratinocytes following low dose UVB irradiation. Combined, these results suggest that TC-PTPmediated signaling in keratinocytes may serve as part of an initial protective mechanism against UVB-induced skin carcinogenesis ( Fig. 9 ).
In our previous study, we showed that three PTPs, TC-PTP, SHP1, and SHP2, contribute to rapid STAT3 dephosphorylation following UVB irradiation in mouse keratinocytes (31) . As shown in this study, TC-PTP is the major PTP among the three PTPs that regulates STAT3 signaling in mouse keratinocytes in the presence or absence of UVB (See Fig. 1 ). Consistent with this observation, siRNA knockdown of TC-PTP in 3PC cells significantly increased cell proliferation compared with control cells in response to low dose UVB irradiation, whereas siRNA knockdown of either SHP1 or SHP2 had no effect on cell proliferation following exposure to low dose UVB (Fig. 3, A-E) .
Of the two isoforms of TC-PTP, only the nuclear form of TC-PTP, TC45, is expressed in mouse keratinocytes (31) . TC45 has been reported to be primarily localized to the nucleus by its nuclear localization signal (27) . Our previous study showed that TC45 is primarily localized in the cytoplasm of keratinocytes, and then it is translocated to the nucleus after UVB exposure. SHP1 and SHP2 are exclusively localized in the cytoplasm in keratinocytes (31) . It is possible that TC-PTP has a greater effect on STAT3 dephosphorylation because UVB-induced nuclear translocation of TC-PTP allows it to directly regulate STAT3 before it binds to the consensus sequence of its target gene promoters, which results in reduced cell proliferation after UVB, whereas SHP1 and SHP1 may cooperate to reduce the amount of phosphorylated STAT3 in the cytoplasm so that less STAT3 enters the nucleus. Previous studies (39) and our recent results (data not shown) show that TC-PTP directly interacts with STAT3 in keratinocytes, indicating that STAT3 is a direct substrate of TC-PTP. It is possible that TC-PTP may also be acting upon other cell signaling pathways that regulate cell proliferation. Further studies investigating these potential signaling mechanisms are under way.
STAT3 is known to contribute to cell survival and proliferation by regulating gene expression of specific targets (11) . For example, expression of cyclin D1, one critical proliferation marker, is regulated by STAT3 (11) . The level of cyclin D1 was increased in correlation with STAT3 activation in mouse skin (19) . Cyclin D1 expression is known to increase in UVB-induced skin carcinogenesis (40, 41) . Similar to earlier studies, our current study showed that cyclin D1 expression is increased with STAT3 expression in TC-PTP-deficient mouse keratinocyte cell lines ( Figs. 1B and 4A ). In our previous study, we showed that expression of Bcl-x L , one anti-apoptotic target gene of STAT3, was not decreased with reduced STAT3 phosphorylation after UVB exposure in vitro in mouse keratinocyte cell lines and in vivo in mouse epidermis, suggesting that other signaling mechanisms are involved in the regulation of Bcl-x L expression to compensate for the loss of STAT3-mediated signaling that occurs in response to UVB irradiation. However, our current study showed that UVB-induced apoptosis was significantly lower in TC-PTP-deficient keratinocytes than in control keratinocytes (Fig. 6 ). There are two possible explanations for these results. First, other anti-apoptotic target genes of STAT3 are involved in the TC-PTP-mediated apoptotic response in mouse keratinocytes. Second, other apoptotic mechanisms regulated by TC-PTP, which are independent of STAT3, are involved in the TC-PTP-mediated apoptotic response in mouse keratinocytes. Further studies investigating these alternative pathways are required.
Genetic mutations of PTKs and/or aberrant activation of their signaling pathways can lead to an array of human diseases, including cancer (4, 5) . The aberrant signaling caused by mutation and/or overexpression in 51 of the 90 PTKs has been implicated with various types of cancers (42) . Consequently, PTKs are considered to be attractive targets for cancer prevention, and several PTK inhibitors have been developed (2, 4, 43) to treat cancers with high abundance of PTKs (44, 45) . Exposure to acute UV irradiation increases the ligand-independent activation of PTKs (46, 47) . This event is possible if UV irradiation induces PTP inactivation, and in fact, biochemical studies have revealed that reactive oxygen species (such as H 2 O 2 ) produced by UV irradiation causes the inactivation of PTPs by oxidizing the cysteine residue within the conserved active site of the PTP catalytic domain (34 -36) . In our current study, we show that TC-PTP is activated in mouse keratinocytes by low dose UVB (Fig. 7A) . It is possible that TC-PTP is activated in skin cells by UVB as part of a novel protective mechanism that protects skin from UVB exposure by initially deactivating oncogenic signaling. Increasing doses of UVB reduced TC-PTP activation 3 h after exposure (Fig. 7B ). It is possible that the increase in UVB dose enhances the enzymatic kinetics of TC-PTP, and therefore high doses of UVB exposure result in rapid dephosphorylation of STAT3 (Fig. 1C ). Overexpression of TC-PTP in keratinocyte cell lines demonstrated an even greater increase in TC-PTP activity following UVB (Fig. 7C ). It is important to note that PTPs are differentially oxidized, although oxidation is a common regulatory mechanism of PTP inactivation (35, 48) . PTP oxidation depends on pH and H 2 O 2 concentrations in addition to PTP loop structure (48) . It is also reported that PTPs are selectively oxidized by particular physiological stimuli (35) . Our previous work also implied that both SHP1 and SHP2 are activated after UVB irradiation. Further studies related to the mechanism of UVB-induced PTP activation will be important to understand the PTP-mediated protective mechanism induced by UVB exposure.
Previous studies by Xu et al. (49) showed that acute UV irradiation activates epidermal growth factor receptor (EGFR) by oxidative inhibition of PTP in keratinocytes. STAT3 is known to be activated by various cell surface receptors, including EGFR (16, 23) . TC-PTP is also known to dephosphorylate EGFR (50) . However, our current studies show that UVB-mediated activation of TC-PTP dephosphorylates STAT3, indicating that UVB-induced STAT3 dephosphorylation by TC-PTP is independent of EGFR.
In conclusion, our data demonstrate that TC-PTP is a critical regulator of STAT3 signaling in mouse keratinocytes. TC-PTP activation by low dose UVB irradiation can lead to significant inhibition of keratinocyte cell proliferation and survival by dephosphorylating STAT3. Our previous studies showed that STAT3 has a critical role in UVB skin carcinogenesis (19) . Further studies using a TC-PTP-specific transgenic mouse model will be helpful in understanding the role of TC-PTP in UVBinduced skin carcinogenesis. Our preliminary data suggest that TC-PTP activation may be a reversible event that occurs upon each exposure to environmental factors like UVB. 3 This implies that repeated STAT3 dephosphorylation by reoccurring activation of TC-PTP could significantly reduce STAT3 signaling and thereby contribute to the prevention of skin cancer by delaying constitutive activation of STAT3. Combined, given the high degree of homology between human and mouse TC-PTP, these studies suggest that TC-PTP may be a novel potential target for both the prevention and treatment of UVB-induced human skin cancer.
